Nonlocality and entanglement in a strange system 
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We show that the relation between nonlocality and entanglement is subtler than one naively 
expects. In order to do this we consider the neutral kaon system — which is oscillating in time 
(particle-antiparticle mixing) and decaying — and describe it as an open quantum system. We con- 
sider a Bell-CHSH inequality and show a novel violation for non-maximally entangled states. Con- 
sidering the change of purity and entanglement in time we find that, despite the fact that only two 
degrees of freedom at a certain time can be measured, the neutral kaon system does not behave like 
a bipartite qubit system. 
PACS numbers: 03.65. Ud, 03.65.Yz 
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INTRODUCTION 

In the last years many experiments have been per- 
formed which confirm the peculiar predictions of the 
quantum theory, in particular the existences of correla- 
tions which manifest themselves at two different loca- 
tions and fail to be explainable by local realistic theories. 
As a powerful tool to detect nonlocality - which ensures 
secure communication, e.g. Ref. [H - are the famous 
Bell inequalities. On the other hand there is currently 
a huge business to develop entanglement measures using 
the quantum physics tools: Hilbert space, observables 
and tensor products. A lot of different measures have 
been proposed so far and only for bipartite qubit sys- 
tems the problem is satisfactorily solved. Yet, very re- 
cently a third approach has been proposed: asking how 
huge can non-local correlations be only assuming non- 
signaling (no faster-than-light communication). Or dif- 
ferently stated: why is Nature not more non-local than 
predicted by quantum theory, e.g. Ref. (1, 0]- 

The purpose of this Letter is to shed light on the fea- 
tures of nonlocality and entanglement for massive meson- 
antimeson systems, in particular for the neutral kaon- 
antikaon system. The neutral K-mesons or simply kaons 
are bound states of quarks and anti-quarks or more precis 
the strangeness state -t-1, , is composed of an anti- 
strange quark and a down quark and the strangeness 
state —1, is composed of a strange and anti-down 
quark. 

Interestingly, also for strange mesons entangled states 
can be obtained, in analogy to the entangled spin up and 
down pairs, or H and V polarized photon pairs. Such 
states are produced by e''"e~-colliders through the reac- 
tion e+e~ — > $ ^ K°K°, in particular at DA<i>NE in 
Frascati, or they are produced in pp-collisions, like, e.g., 
at LEAR at CERN. There, a K^K° pair is described at 
the time t = by the entangled antisymmetric Bell state. 
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Analogously to entangled photon systems for these sys- 
tems Bell inequalities can be derived, i.e. the most gen- 
eral Bell inequality of the CHSH-type is given by (see 
Ref. i) 

'S'fc„,fc™,fe„/,fc„/ {tl,t2, Hi ti) — 

+ \Ek„,,k^ iU, t2) + Ek^,,k^, {U, h)\<2. (2) 

Here Alice can choose on the kaon propagating to her left 
hand side the "quasi-spin" , i.e. a certain superposition 
of kaon and antikaon |fc„) = a\K^) + I3\K^)^ and how 
long the kaon propagates, the time t. The same options 
are given to Bob for the kaon propagating to the right 
hand side. As in the usual photon setup, Alice and Bob 
can choose among two settings. The expectation value 
Ek„,krr, (ill ^2) denotes then that Alice chooses to measure 
the quasi-spin fc„ at time ti on the kaon propagating to 
her side and Bob chooses to measure km at time ^2 on 
his kaon. 

We notice now already that in the neutral kaon case 
we have more options than in the photon case, we can 
vary in the quasi-spin space or vary the detection times 
or both. 

Let us first choose all times equal to zero and choose 
the quasi-spin states fc„ — Ks,km = K'^,kn' — k„i' — 
Kf where Ks is the short-lived eigenstate, one eigen- 
state of the time evolution, and is the CV plus eigen- 
state. Here C stands for charge conjugation and V for 
parity. The neutral kaon system is known for violating 
the combined transformation C7^. In Ref. Q the authors 
show that after optimizing the Bell inequality (BI) can 
be turned into 



S <0 



(3) 



where I denotes the particle moving to the left hand side 
and r the particle moving to the right hand side. 



where S is the CV violating parameter in mixing. Exper- 
imentally, 6 corresponds to the leptonic asymmetry of 
kaon decays which is measured to be 5 = (3.27 ± 0.12) • 
10^'^. This value is in clear contradiction to the value 
required by the BI above, i.e. by the premises of local re- 
alistic theories. In this sense the violation of a symmetry 



2 



in high energy physics is connected to the violation of a 
BeU inequality, i.e. to nonlocalitv[2^. This is clearly not 
the case for photons, they do not violate the CP symme- 
try. Moreover, the CV violating parameter is measured 
for single states, but it nevertheless gives information on 
bipartite states. 

Although the BI ([3]) is as loophole free as possible, 
the probabilities or expectations values involved are not 
directly measurable, because experimentally there is no 
way to distinguish the short-lived state Ks from the CV 
plus state directly. 

In this work we want to investigate another choice for 
the Bell inequality ([2]), i.e. all quasispins are equal to 
those for K'^, and we are going to vary all four times 

'S'xo,ifo,_ffo,_ffo(^l7 '•a, ^37 ^4) — 

+ \Ej,o^Ko{U,t2) + Eiio^Ko{U,t3)\ < 2 . (4) 

This has the advantage that it can in principle be tested 
in experiments: Alice and Bob insert at a certain distance 
from the source (corresponding to the detection times) 
a piece of matter forcing the incoming neutral kaon to 
react. Because the strong interaction is strangeness con- 
serving one obtains via the reaction products if the in- 
coming kaon is an antikaon or not. Note that different 
to photons a NO event does not mean that the incoming 
kaon is a K° but also includes the case that it could have 
decayed before. In principle, the strangeness content can 
also be obtained via decay modes, but Alice and Bob have 
no way to force their kaon to decay at a certain time, the 
decay mechanism is a spontaneous event. However, a 
necessary condition to refute any local realistic theory 
are active measurements, i.e. exerting the free will of the 
experimenter (for more details consult Ref. 

Our question is: Can we violate the Bell CHSH 
inequality sensitive to strangeness (|4]) for a cer- 
tain initial state and what is the maximum value? 

The first naive guess would be yes. In Refs. [1, @ the 
authors studied the problem for the initial maximally en- 
tangled Bell state, Eq. ([T]), and they found that a value 
greater than 2 cannot be reached, i.e. one cannot re- 
fute any local realistic theory. The reason is that the 
particle-antiparticle oscillation is too slow compared to 
the decay or vice versa, i.e., the ratio of oscillation to 
decay x = is about 1 for kaons and not 2 necessary 
for a formal violation. A different view is that the decay 
property acts as a kind of "decoherence" , as we will show. 
From decoherence studies we know that some states are 
more "robust" against a certain kind of decoherence than 
others, this leads to the question if another maximally en- 
tangled Bell state or maybe a different initial state would 
lead to a violation. 

For that let us study first how single neutral kaons are 
handled via open quantum systems and then proceed to 
entangled kaons and discuss their entanglement and pu- 



rity properties which gives us an insight in the behavior 
of this strange two-state system. The formalism also en- 
ables us to calculate the correct expectation values for 
arbitrary initial states needed for the Bell inequality 

Different kinds of Bell inequalities are discussed e.g. in 
Refs. 0, S, 0| and also decoherence models can be inves- 
tigated, e.g. Refs. [in . and the model proposed in 
the former reference has recently been tested via experi- 

II [ii. 



mental data Refs. 



OPEN QUANTUM FORMALISM OF DECAYING 
SYSTEMS 



Neutral kaons are a decaying two-state system due to 
the particle-antiparticle oscillation in time and are usu- 
ally described via an effective Schrodinger equation which 
we write in the Liouville von Neumann form 



d 

dtP' 



-i Heff Pss + i Pss hI 



ff 



(5) 



where pss is a 2 x 2 matrix and the Hamiltonian 
Heff is non-Hcrmitian. Using the Wigner-Weisskopf- 
approximation the effective Hamilton can be calculated 
to be Heff ^ H — where the mass matrix H and the 
decay matrix F are both Hermitian and positive. Here 
the weak interaction Hamiltonian responsible for decay 
is treated as a perturbation and interactions between the 
final states are neglected. This Wigner-Weisskopf ap- 
proximation gives the exponential time evolution of the 
two diagonal states of Hef / : 



\Ks/Lit)) 



^ S/L 



S/L) 



(6) 



where mg/j^ and Tg/j^ are the masses and decay con- 
stants for the short/long-lived state i^s/L (^s ~ 600Fl; 
Am = niL — ms — rs/2). A kaon with strangeness 
-fl (kaon) or —1 (antikaon) is a superposition of the 
two mass-eigenstates, i.e. \K^) — "^{|^s) + and 
1^0) ~ ^{-\Ks) + \Kl)}. Here the small CV violation 
is safely neglected throughout the Letter. What makes 
the neutral kaon systems so attractive for many physical 
analyzes is the huge factor between the two decay rates, 
i.e. Vs ^ SOOF/^, and that the strangeness oscillation is 
Am = mi^ — ms — F5/2. 

Considering Eq. ^ we notice that the state is not 
normalized for t > 0. Indeed, we are not describing a 
system, for i > a neutral kaon has a surviving and 
decaying component. In Ref. lj| the authors show that 
by enlarging the original two-dimensional Hilbert space 
by at least two further dimensions representing the decay 
product states, the non-Hermitian part of Heff can be 
incorporated into the dissipator of the enlarged space via 
a Lindblad operator. Thus the time evolution of neutral 
kaons is described by an open quantum formalism, in 
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particular by a master equation 1^, 1. 
d 



dr 



(7) 



where the dissipator under the assumption of complete 
positivity and Markovian dynamics has the well known 
general form V[p] = \ + - 2^jP-4j)- 

The density matrix p lives on Htoj = ^ where 
s and / denote "surviving" and "decaying" or "final" 
components, and it has the following decomposition 



P 



Pss Psf 

Plf Pff 



(8) 



where pij with i,j = s,f denote 2x2 matrices. The 
Hamiltonian Ti, is the Hamiltonian H of the effective 
Hamiltonian H^ff extended to the total Hilbert space 
Hjoi, and F of ^^e// defines a Lindblad operator by 
r = A'lA. i.e. 



n = 



H 




A = 




A 



with A : H, 



H 



/ 



Rewriting the master equation for p, Eq, 

1 
2 



-i[H, ps 



, on Htot 

{AtA,p,,}, (9) 



Psf 



-iHp, 



1 



A^A 



Psf 



Pff = A Pss A^ 



(10) 
(11) 



we notice that the master equation describes the origi- 
nal effective Schrodinger eq uation ([5]) but with properly 
normalized states, Ref. |14| . By construction the time 
evolution of pss is independent of psf , p fs and pff. Fur- 
ther Psf and pfs completely decouple from pss and thus 
can without loss of generality be chosen to be zero, they 
are not physical and can never be measured. With the 
initial condition p//(0) = the time evolution is solely 
determined by pss — as expected for a spontaneous decay 
process — and is formally given by integrating Eq. pTjl . 



TIME EVOLUTION OF SINGLE KAONS 

Without loss of generality the initial state can be cho- 
sen in the mass eigenstate basis {Ks,Kl}. The formal 
solution of Eq.© (F = \{T s + F^) and the numbers 
PSS + Pll = 1) is 



rst 



Pit) 



( ' 



pss 
rt * 

PSL 



with F< 



S/L 



= 1 



-Fit 






PLL 





Flpll X* 
X Fspss ) 



decay is caused by the environment (treating the neutral 
kaon in QFT formalism, the decay would be caused by 
the QCD vacuum). The surviving part of the single kaon 
evolving in time is represented by the upper 2x2 block 
matrix pss, the lower one by the decaying part pff. 

Only properties of the surviving components can be 
measured. E.g. by a piece of matter an incoming beam is 
forced to react with the matter via the strong interaction 
(which is strangeness conserving) . If a reaction which can 
only be caused by a is detected, one records a yes- 
event (Y). If no is detected a no-event (N) is recorded 
(including a K'^ or a decay event). Then matter acts in 
the very same manner as an ordinary polarisator for pho- 
tons. Note that an experimenter can actively choose the 
initial state (up to experimental realization), the kind of 
detector (experimentally very limited) and where to place 
the detector, i.e. how much "decoherence" the system 
undergoes, whereas the kind of "decoherence" is given 
by Nature. Note that this "decoherence" is fundamen- 
tally different from that in other quantum systems which 
are stable, there the kind of decoherence depends on the 
environment, for kaons it is intrinsic to the system. 

Consequently, an operator P projecting onto the states 
Pss gives the two probabilities, for Y or iV, that a certain 
state is detected at time t: 



Prob{Y, t) 
Prob(N, t) 



]p(t))^Tr{Ppss(t)) and 



= Tr{ 



pit)) 



1-P 
1 

- Tr{{l-P)pss{t))+TT{pff{t)) 
= l-Tr{Ppss{t)) . 



Consequently, the expectation value becomes Ep{t) = 
Prob{Y, t) - Prob{N, t) = 2 Tr{Ppss{t)) - 1 and is solely 
determined by the surviving component Pss! 

We considered all possible projectors and the p// en- 
ters in the probabilities only via the trace, thus it is clear 
that the off diagonal elements of pff are not relevant 
for any probability we may derive. This leaves a cer- 
tain ambiguity in defining the decaying components and 
therefore purity and entanglement. We choose the off di- 
agonal elements oi pff in Eq. equal to zero because 
they give the lowest purity values. 

Let us now consider the change of the properties of the 
state p{t) with time by considering the purity defined by 

Trpitf ^ Tripssm +Tr{pf^itf) 
= Trpss{tf + {Trpfj{t)f 
= Trpss{tf + {l-Trpss{tyf 



(12) 



Pss(l-2e 
+piL(l - 2e 



-Tst 



2e 



-2rst 



2e-2r-*) + 2|p5L| 



-2rt 



and X = ^lBr(l 



g-zAmt-rt-)^^^_ Clearly, we have Trp{t) 



iAm-r 

1 and the 



Note that the second equality sign is only true if the off 
diagonal elements of p// vanish. Otherwise we would 
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FIG. 1; (Color online) Here the purity Trp{t)^ for single kaons (initially pure) for short (a) and longer (b) time scales is shown 
(units in l/Fs): (red (dashed): Ks; blue (solid): Kl; black (long dashed) if" or K°; green: l/2\Ks) + y^^lKL); light blue: 
^/3/I\Ks) + 1/2\Kl)). 



add an additional in general time dependent factor to 
the definition of the purity (for the formal integration of 
the order 10~^). Again our definition of the purity is 
only depending on the surviving components. Starting 
with an arbitrary initial pure state we see that the de- 
cay abihty of the system leads to a decrease in purity for 
t > 0. For Ks or Kl the purity returns to 1 for t ^ oo 
depending on the decay constants, see Fig. [TJ After a 
time t/rs/L — hi 2 the minimal purity of 0.5 of a usual 
qubit system described by a 2 x 2 density matrix (trace 
state) is reached. For other superpositions the purity os- 
cillates to a certain final purity which ^ 1. For an initial 
K'^ or K'^ we reach the minimal purity of 0.375 at time 
t/rg ~ 401.881, i.e. about 2/3 of the lifetime of the long- 
lived state. This is much lower than the purity of a qubit 
system. Indeed, this decaying system — where only two 
degrees of freedom can be measured — behaves as regards 
the purity properties as a system with more degrees of 
freedom, neutral kaons are more like a double slit evolv- 
ing in time, see Ref. [l3|- Clearly, we could renormalize 
the purity by choosing appropriate off diagonal elements 

of pff. 

The minimal purity which can be reached for this 
decaying system is 0.333068 obtained by an initially 
mixed state (pss = '2/^;Psl = 0;t/Ts = 0.694012), and 
is thus greater than 0.25, the minimal value for a 4 x 4 
density matrix (trace state). Note that in general it 
depends on the ratio between Fs/Fl and is therefore 
intrinsic to the described meson system. 



THE TIME EVOLUTION FOR TWO KAONS 

Any density matrix of a single kaon evolving in time, 
Eq. (fT2|) . can be decomposed in the following way 



Clearly, for two kaons in a product state we have 



E 

nmlk 



fnm{t)flk{t)Pn-mPlk \n) {m\ <g) \l) {k\ 



and, consequently, any two-kaon state is then given by 



nmlk 



^{t).fik{t)cJnmik \n){m\®\l){k\ ,(13) 



where the time dependent weights can be assumed to 
factorize. In order to do this one has to prove that the 
projectors commute with the generators of the time evo- 
lution under the trace (this was proven in a different for- 
mulation in Ref. 18[ ) . We can even define a two-particle 
density matrix depending on the two different times rep- 
resenting the times when the two kaons are measured, 
i.e. 

<^{tutr) — diag{assssitl,tr),assffiti,tr), 
affssitl,tr),CTffff{ti,tr)} , 

where cujj are 4x4 matrices. As a measure of entangle- 
ment we want to consider the entanglement of formation 
which is defined by £oJ-'(/9) = mini X]i-Pi'^(^''i(IV'i)('0i|)) 
where S is the von Neumann entropy, the trace is taken 
over one subsystem (left or right) and tpi are the pure 
state decompositions of p. A necessary criterion for en- 
tanglement is that the matrix under partial transposition 
{PT) has at least one negative eigenvalue. Only for bi- 
partite two-level systems PT is also sufficient for detect- 
ing all entangled states. For the density matrix under 
investigation PT acts in the following way 

PT[a{ti,tr)] = diag{PT[assss{ti,tr)],PT[assff{ti,tr)], 
PT[affss{ti,U)],PT[affff{U,tr)]} . 

The surviving-surviving block CTssss can lead to negative 
eigenvalues, i.e. can be entangled, while the eigenvalues 
of the other blocks cannot become negative due to the 
vanishing off diagonal elements, the eigenvalues remain 
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FIG. 2: (Colour online) In Fig. (a) is shown the timedependent S-function for 4>'^ [dashed, red), ^ {long dashed, blue) and 
X {solid, black) (time in units of [-^f;;]). For ^ the violation exists up to I/Fl. In Fig. (b)-(d) a purity versus concurrence 
diagram is drawn (purity normalized {dTrp^ — l)/(d — 1) with d = 4 for bipartite qubits and d — IG for bipartite kaons). 
The limiting curve represents the maximally entangled mixed bipartite qubit states (MEMS) 22] and the nearly linear curve 
{dashed, purple) the Werner states for bipartite qubits. The dots are drawn for different initial states and the time proceeds 
from to 100 with a step width of 0.05 (units as above). The smallest dots {red) for 0"'", next to smallest dots {blue) ^ and the 
biggest dots {black) are for x- In Fig-(b) is shown the change in purity and concurrence for ti — tr = t, in (c) for ti — 0;tr = t 
and in (d) for ti = 0.3; tr = t. 



unchanged under PT. Thus whether the state under in- 
vestigation is entangled depends only on cr^sss ■ For 4x4 
matrices entanglement of formation is an increasing func- 
tion of the computable concurrence C, found by Hill and 
Wootters Ref. [l^ji^l. Thus we can measure entangle- 
ment by the concurrence of assss ■ 

To compute concurrence one defines the flipped ma- 
trix assss = {o-y ^ <7y)<7ssssi^y ® '^y) where ay is the y- 
Pauli matrix and the complex conjugation is taken in the 
KsKl basis. The concurrence is then given by the for- 
mula C — max{0, Ai — A2 — A3 — A4} where the A^'s are 
the square roots of the eigenvalues, in decreasing order, 
of the matrix assssO'ssss- 

Let us now consider a general pure state at i = (with 
rf + rj + rl + rl = 1 ; ^ omitted) 

|V(0)) - r,e'*'\Ks)\Ks) +r2e'*^Ks)\KL) 

+r3e''>'-^\KL)\Ks) +r^e''>'^\KL)\KL) .{U) 

Alice and Bob perform their measurements at certain 
times ti,tr, respectively. For a general initial pure state 
the concurrence is derived to be 

C{assss{ti,tr)) = 2 Irir^e'^'+'^^-r^r^e'^^+'^^l e-r(*'+*^) . 



It is simply the concurrence of the initial pure state mul- 
tiplied by the time depending damping factor. For one 
time equal to zero the decrease in entanglement is lowest. 

We choose as projectors Pr.i — \K'^){K'^\, and the ex- 
pectation value becomes after a cumbersome calculation 









TsU ^^2^-ruu+tr) 


-rj (e-r«*' 




-rj (e-r-*' 


+ e-rst.)_^2(g-r,t, _^g-r,t.) 


+2rir2(l- 


- e^^'^*')cos{Amtr + - (1)2) e""" 



+2rir3 cos{Amti + (t>i ~ cj^s) e"^*' (1 - e"^^*"-) 
+2r2r4 cos{Amti +(t)2~ (t>4) e""' (1 - e"^^*"-) 
+2r3r4 (1 - e"^^*') cos{Amtr + 03 - (?!)4) e"""- 
+2 riri cos{Am{ti + U) + 01 - 04) e"^(*'+*'-^ 
+2 r2r3 cos(ATO(t, - U) + 02 - 03) e-^(*'+*'-) .(15) 



We notice that for any initial state one always has damp- 
ing functions from the decay property in this system dif- 
ferent from other two-state systems and the expectation 
value converges for both times to infinity to -1-1. For the 
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initial maximally entangled Bell states (j)^ (r2 = ra = 0) 
the oscillation goes with the sum of the times, different 
from the maximally entangled Bell states (ri = r4 = 
0) where the oscillation only depends on the difference of 
the times. Thus for 0^ a violation of the Bell inequality 
would occur earlier. However, it turns out that for no 
maximally entangled state a violation can be found by 
numerically optimizing with different standard methods 
(none guarantees a global maximum). 
For all phases (f>i = we find the value 

S = 2.1f75 

(state ^ in = -0.8335; r2 = rg = -0.2446; r4 = 0.4308): 
ti = t2 = 0;t3 = t4 = 5.77ts). If we also vary over the 
phases we obtain a slightly higher value 

S = 2.1596 

(state X in = -0.7823; ra = = 0.1460; r4 = 
0.5877; 01 = -0.2751; 02 = 03 = -0.6784; 04 = 0): 
= i2 = 1.79rs;i3 ^ U = 0), see also Fig. 11(a). For 
the above cases the concurrence gives 

C(0 = 0.84e-^(*'+*'-) and C{x) = 0.94 e-^(*'+*'-) . 

In Fig. [2] (b)-(d) a purity versus concurrence diagrams 
are drawn. For 0+ we notice that the "decoherence" 
caused by the decay exceeds the purity-concurrence val- 
ues of Werner states, which represent an upper limit for 
all possible decoherence modes in this picture given by 
a Lindblad equation for an initially maximally entan- 
gled qubit state, Ref. [13, [Hj. An early decay of one 
kaon. Fig. [2] (c), exceeds even the purity-concurrence 
value of maximally entangled mixed bipartite qubit states 
(MEMS) [22]. 

To sum up, the initial entanglement decreases with a 
sum of times, and it goes first hand in hand with a de- 
crease in purity which can then for latter times increase 
again. For non-maximal entangled state the decrease of 
purity is much faster than for the maximally entangled 
states. This seem to help to violate the Bell-CHSH in- 
equality though the ratio of oscillation to decay is low. 

All other meson systems have the same decay rate for 
both mass-eigenstates, but no active measurements are 
possible due to their fast decay, a necessary condition 
for any test of local realistic theories versus QM. For 
B-mesons the symmetric Bell state ip^ violates formally 
the Bell inequality while ip~ does not, though both states 
have the same purity-concurrence behavior. The viola- 
tion of a Bell inequality depends strongly on the parame- 
ters describing these systems, rather than on the amount 
of entanglement. 



the properties of the corresponding states via purity, en- 
tanglement and nonlocality. Only two degrees of freedom 
at a certain time can be measured reducing the set of 
observables and leaving some elements of the state unde- 
fined. 

Different from photons, nonlocality is for the neutral 
kaon system a quite "dynamical" concept as correla- 
tions of states evolving up to different times are involved. 
For entangled photons there is no difference whether in 
principle the correlations are measured after one or sev- 
eral meters. With each measurement the experimenter 
chooses among two observables: the quasi-spin and the 
detection time. Consequently, considering Bell inequali- 
ties for mesons, Eq. ([2|), one can vary in the quasi-spin 
space or vary the detection times or both. If varying 
in the quasi-spins space and for simplicity choosing all 
times equal to zero, it has been shown in Ref. [H] that 
there is a connection between nonlocality and the viola- 
tion of a symmetry in high energy physics, i.e. the CV 
symmetry (C=charge conjugation, ■p=parity). 

In this work we have discussed the choice of measuring 
on both sides an antikaon versus no antikaon at a certain 
time, which can experimentally be realized via inserting a 
piece of matter at a certain position from the source (cor- 
responding to the detection time). We find a novel viola- 
tion of the Bell-CHSH inequality for certain initial states, 
which are more "robust against decoherence" caused by 
the decay mechanism. For these states — currently not 
available by experiments — the concurrence is not maxi- 



mal in partial agreement with Ref. [23l . |24| that optimal 
Bell tests do not require maximally entangled states for 
systems with more than 2 degrees of freedom. A higher 
amount of entanglement doesn't necessarily imply an in- 
crease of a violation of the Bell inequality under investi- 
gation, in fact the Bell inequality need not to be violated 
at all. 

Therefore, these results suggest that for the neutral 
kaon system nonlocality and entanglement are indeed 
some distinct quantum features which manifest them- 
selves in a way different than that for bipartite qubit 
or qutrit systems, and their relation is subtler than one 
naively expects. 

Acknowledgement: I want to thank N. Gisin for the 
invitation to Geneva. And I want to thank V. Scarani 
for bringing the non-local machines to my attention. 
EURIDICE HPRN-CT-2002-00311. 
Note added in proof: As recently found by V. Scarani 
and myself the 0^ violates the Bell inequalit y s lightly, 
this will be published in a common work Ref. 25|. 



CONCLUSIONS 



We show how to treat a single and bipartite decaying 
neutral kaon system in quantum mechanics and analyze 



[1] N. Gisin, G. Ribordy, W. Tittel and H. Zbinden, Rev. 
Mod. Phys. 74, (2002) 145. 



7 



S. Popescu and D.Rohrlich, Foundations of Physics 24, [14] 
(1994) 379. 

A. A. Methot and V. Scarani, Quantum Information and [15 
Computation 7, (2007) 157-170. [16 
R.A. Bertlmann and B.C. Hiesmayr, Phys. Rev. A 63, 

(2001) 062112. [17 
R.A. Bertlmann, W. Grimus and B.C. Hiesmayr, Phys. 
Lett. A 289, (2001) 21. [18 
R.A. Bertlmann, A. Bramon, G. Garbarino and [19 

B. C. Hiesmayr, Phys. Lett. A 332, (2004) 355; and Ref. 
therein. [20 
A. Bramon, R. Escribano and G. Garbarino, Found. 
Phys. 26, (2006) 563. [21 
A. Bramon, R. Escribano and G. Garbarino, J. Mod. 

Opt. 52, (2005) 1681. [22 
A. Bramon and G. Garbarino, Phys. Rev. Lett. 88, 

(2002) 040403. [23 
R.A. Bertlmann, K. Durstberger and B.C. Hies- 
msiyr,Phys. Rev. A 68, (2003) 012111. [24 
P. Caban, J. Rembieliiiski, K.A. Smohiiski, Z. Walczak, 

M. Wlodarczyk, Phys. Lett. A 357, (2006) 6. [25 
KLOE CoUaboration, presented by A. DiDomenico, [26 
Kaon interferometry at KLOE: present and future, 
hep-ex/0312032 

KLOE Collaboration, First observation of quantum in- [27] 
terference in the process (p KsKl ^ Tr+TT-Tr+Tr- ; 
a test of quantum mechanics and CPT symmetry, 
hep-ex/0607027, 



R.A. Bertlmann, W. Grimus and B.C. Hiesmayr, Phys. 
Rev. A 73, (2006) 054101. 

G. Lindblad, Comm. Math. Phys. 48, (1976) 119. 

V. Gorini, A. Kossakowski, and E.C.G. Sudarshan, J. 

Math. Phys. 17, (1976) 821. 

A. Bramon, G. Garbarino and B.C. Hiesmayr, Phys. Rev. 
A 69, (2004) 022112. 

B. C. Hiesmayr, PHD-Thesis, University of Vienna, 2002. 
S. Hill and W.K. Wootters, Phys. Rev. Lett. 78, (1997) 
5022. 

R.A. Bertlmann, K. Durstberger and Y. Hasegawa, Phys. 
Rev. A 73, (2006) 022111. 

V. Buzek and M. Zimann, Phys. Rev. A 72, (2005) 
052325. 

S. Ishizaka and T. Hiroshima, Phys. Rev. A 62, (2000) 
022310. 

A. Acin, R. Gill and N. Gisin, Phys. Rev. Lett. 95, (2005) 
210402. 

N. Brunner, N. Gisin and V. Scarani, New Journal of 
Physics 7, (2005) 88. 

B. C. Hiesmayr and V. Scarani, work in progress. 

Or that is to say, for all times equal to zero rather contex- 
tuality than nonlocality is tested. However, it has been 
shown, Ref. ;4i that also for t > the BI is violated. 
For higher dimensions no computable function of entan- 
glement of formation is known. 



